We present a time reverse mirror approach for estimating hydro-fracture source locations. With this scheme, the passive seismic data generated by the hydro-fracture sources are crosscorrelated with the wavefield extrapolated from the VSP or seismic while drilling data, and the image shows the location of hydro-fracture sources. Only an estimate of the local velocity v(x, z) model around the VSP well is needed and this method is robust with respect to noise and limited source and recording apertures. Synthetic tests with the SEG/EAGE salt model demonstrate the potential for its use with enhanced oil recovery operations.
Introduction
Enhanced oil recovery operations inject fluids into the subsurface sediments in order to fracture the rocks and enhance oil/gas production. Micro-fractures develop because of the hydraulic pressure changes, and locating these hydro-fracture sources can aid the reservoir engineer in optimizing the injection strategy.
In this paper a time reverse mirrors (TRM) method is presented to estimate the hydro-fracture distribution from their associated seismic emissions. With this method, VSP or seismic while drilling (SWD) (Poletto and Miranda, 2004) or string test data should be collected and only the local velocity near the injection site is needed to image the hydro-fractures. This method is similar to the TRM techniques discussed in Cao et al.(2007) and so has the potential to benefit from its super-stacking and super-resolution properties. The primary application of this method is for real-time hydro-fracture monitoring for enhanced oil recovery (EOR) operations. This paper is organized into three parts: the methodology of this imaging scheme is explained in the theory section, and then numerical tests are presented for the SEG/EAGE salt model which demonstrate the effectiveness of this scheme. The final part presents conclusions.
Methodology
Imaging hydro-fractures with passive seismic data is similar to locating the surface reflectivity distribution in poststack migration except a trial time shift is introduced to compensate for the unknown excitation time of the hydrofracture source. The formula for TRM imaging in the frequency domain is
where m(x, t) denotes the image of the hydro-fracture locations for the trial excitation time t, d(g|s) represents the frequency domain passive seismic data generated by the hydro-fracture sources, and G(g|x) * is the complex conjugate of the Green's function for a source at the image point x and a receiver at g. This Green's function is also know as the poststack migration kernel.
To obtain G(g|x) * , we usually need to know the exact velocity model between the imaging point and the receiver, where the reliability of the computed images strongly depends on the accuracy of the entire velocity model. However, for hydro-fractures near the boreholes, the recorded VSP data can be used to compute the local Green's functions G(g|x) by wavefield extrapolation in a local velocity model near the borehole. As Figure 1 shows, when the surface shot at g and image point at x are on different sides of the well, the Green's function between g and x can be obtained by a forward extrapolation from the VSP data, i.e.,
where S well and S∞ denote the integration boundary along the well and the boundary at ∞ respectively; and
is the frequency domain representation of the VSP record with the source at g and the receiver in the well at go. In this paper, the wavefield extrapolation is realized by a finite-difference solution to the wave equation. The VSP data d(g|go) are used as boundary conditions and extrapolated into the local model to get the semi-natural Green's function G(g|x). Figure 2 shows the other situation when the surface sources g and image point x are on the same side of the well. Here the reciprocity equation of the correlation type (Wapenaar, 2004) is 1 :
To get the causal part of both sides of equation 3, we have the following expression:
Equations 2 and 4 show that the Green's function or the migration operator G(g|x) can be obtained from VSP data 2 by a forward or a backward wavefield extrapolation, and only the local velocity model near the well 3 is needed for both extrapolations. Substituting equation 2 or 4 into equation 1 gives the migration formula for imaging the location of hydro-fractures.
The details for implementing the TRM method are summarized below:
1. Record the natural Green's functions G(g|go) in a well using either VSP or SWD data. Here go is the receiver in the well and g is the surface shot.
2. Extrapolate G(g|go) → G(x|g) using a local velocity model for x near the well. The extrapolation kernel can be e iωτg ox , where τg o x is computed by ray tracing in a local velocity model near the injector location.
3. Use G(x|g) from step 2 and insert it into equation 1 to migrate the passive data.
4. All events including multiple scattering events coherently summed together at the hydro-fracture location to give an enhanced stacking property, known as super-stacking.
Numerical Examples
Synthetic data generated from the SEG/EAGE salt model are used to test the TRM scheme. The RVSP traces are generated for the SEG/EAGE model, and a few shot 1 We neglect the integration along the free surface and boundary at infinity 2 This Green's function can also be obtained from seismic while drilling (SWD) data.
3 The local velocity model near the well can be obtained from the well-log information.
gathers with hydro-frac sources near the VSP well and receivers on the surface are also generated to simulate the passive seismic data. Then we only use the local velocity model near the VSP well to estimate G(g|x) and use equation 1 to image the hydro-fractures. Figure 3 shows the SEG/EAGE salt model. A horizontal well is located at the depth of 3.2 km and 200 geophones are deployed in the well from 8 km to 12 km at the spacing of 20 m. There are 800 surfaces shots distributed from 0 km to 16 km at a 20 m spacing, and each shot shoots into 201 receivers in the well.
The passive data are recorded by 800 receivers deployed at the same positions as these sources. A Ricker wavelet of 15 Hz peak frequency is the source wavelet for these shot gathers. Figure 4a shows a synthetic VSP shot gather, and Figure 4b shows a shot gather that simulates the passive seismic data generated by a buried hydro-fracture source near the well at (10,000 m, 3,400 m).
Here the hydro-fracture source is at different side of the VSP well from the surface receivers, so we forward propagate the VSP data, and the image of the hydro-fracture source is obtained by crosscorrelating the forward propagated wavefield with the hydro-fracture gather. Figures 5  and 6 show, respectively, the local velocity model and the seismic image of the hydro-fracture source in this model.
Backward extrapolation of the recorded data is needed when the hydro-fracture source is located at the same side of the VSP well as the earth's free surface. Figure 7a shows the passive seismic shot gather with the hydrofracture source above the well at (10,000 m, 3,010 m). Similar to forward extrapolation imaging, the VSP (or SWD) data are backward propagated to create G(g|x) and then crosscorrelated (in equation 1) with the passive gather from the hydro-fracture to obtain the hydrofracture image. Figure 8 shows the local velocity model used for the backward extrapolation imaging, and Figure 9 depicts the migration image computed from the hydro-fracture data shown in Figure 7a .
Both Figures 6 and 9 demonstrate that the hydrofracture migration images can accurately identify the location of the hydro-fracture source, and the lateral resolution is about one dominant wavelength of the seismic data. The vertical resolution is about half the dominant wavelength.
To demonstrate the robustness of TRM with respect to noise of the scheme, strong random noise is added to the passive shot gather shown in Figure 7a . Figures 7b and 10 show the noisy passive shot gather and the migration image respectively. The signal-to-noise ratio of the noisy gather is less than 0.0001, but the image in Figure 10 is very similar to the image in Figure 9 , which is obtained from the noise-free gather. This is a confirmation of the super-stacking property of TRM.
The above tests are implemented when we have an accurate estimate of the source excitation time of the hydrofracture source. When the estimated source excitation time is incorrect, the peak in the migration image devi-ates (mainly vertically) from the actual fracture position. Another issue with this hydro-fracture estimation scheme is the 2-D media assumption for wavefield extrapolation, which needs to be corrected for a practical application. Using multi-component data for the wavefield extrapolation will likely mitigate these problems.
Conclusions
This paper presents a seismic imaging scheme to estimate the location of hydro-fracture sources using VSP (or SWD) data as natural Green's functions and the passive seismic data are generated by hydro-fracture sources. Only a local velocity model near the well is needed to image the hydro-fracture sources, and the natural Green's function provides a strong robustness with respect to trace noise and image blurring from a limited recording aperture. A synthetic test with the SEG/EAGE model shows accurate imaging of the hydro-fracture source for a buried source excited at t = 0 and a signal-to noise ratio less than 0.0001. This method might be suitable for real-time monitoring of hydro-fracture development in well drilling, but we need to test it on field data. Issues about this method includes the migration image sensitivity to unknown excitation times of the hydro-fracture sources and the 2-D media assumption.
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